Building materials from the atom up is the pinnacle of materials fabrication. To date the only platform that offers single atom manipulation is scanning tunneling microscopy. Here we demonstrate controlled manipulation and assembly of few atom structures by bringing together single atoms using a scanning transmission electron microscope. An atomically focused electron beam is used to introduce Si substitutional defects and defect clusters in graphene with spatial control of a few nanometers and enable controlled motion of Si atoms. The Si substitutional defects are then further manipulated to form dimers, trimers and more complex structures. The dynamics of a beam induced atomic scale chemical process is captured in a time-series of images at atomic resolution. These studies suggest that control of the e-beam induced local processes offers the next step toward atom-by-atom nanofabrication, providing an enabling tool for the study of atomic scale chemistry in 2D materials and fabrication of predefined structures and defects with atomic specificity.
INTRODUCTION
Fabrication of matter atom by atom remains a long-standing dream and ultimate goal of nanotechnology, following the famous challenge by Feynman 58 years ago. 1 For 30 years, the atom by atom fabrication remained the province of visionary thinking and science fiction, inspiring but seemingly unachievable given the then available fabrication tools. The situation changed drastically upon the introduction of scanning tunneling microscopy (STM) by Binnig and Rohrer [2] [3] [4] and subsequently STM-based atomic fabrication by Don Eigler. [5] [6] [7] [8] This advancement immediately riveted the attention of both the scientific and general community worldwide, launching the era of nanotechnology. It also started the developments of technologies based on combined STM and surface science methods, ultimately leading to the development of single-atom qubit devices. [9] [10] [11] Despite the remarkable progress in STM based atomic fabrication, the fabrication process remains slow and requires complex surface science approaches to establish and maintain atomically clean surfaces. This process further requires a complex technological cycle to integrate single-atom devices with the classical semiconductor technologies. Correspondingly, the development process remained slow and required large capital investments to even begin the development. Thus, alternative methods for atom-by-atom fabrication are of interest.
In recent years, the ever-growing body of work in high resolution scanning transmission electron microscopy has illustrated the potential of the electron beam to induce local atomicscale changes in materials microstructure that can be immediately visualized. [12] [13] [14] [15] [16] [17] [18] [19] Almost immediately, it was proposed that the e-beam can be used for fabrication of atomic-scale structures. [20] [21] [22] [23] [24] [25] [26] [27] [28] Following these predictions, Susi et al 18, 29 demonstrated controllable e-beam-induced movement of a single Si a short distance through the graphene lattice as well as clarifying the mechanisms of Si motion in graphene and calculating the energy required for various processes involved in atomic motion and the creation of point defects. This built upon previous, related work, 13, 19, 30, 31 and was expanded upon by additional studies by Robertson et al [32] [33] [34] [35] [36] and others 17, [37] [38] [39] which served to clarify various atomic scale processes and transformations in graphene. Dyck et al 40 has further shown an approach to incorporate single Si dopants into the graphene lattice at preselected locations, localizing single dopant atoms at specific lattice sites.
Based on these studies, we aim to further develop atomic scale control and, critically, demonstrate atom-by-atom assembly by electron beam manipulation. Here we demonstrate the transition from single dopant control towards the creation of a Si dimer, trimer, and tetramer from Si substitutional point defects.
MATERIALS AND METHODS
Graphene was grown on a Cu foil via atmosphere pressure chemical vapor deposition (APCVD). 41 The Cu foil was spin-coated with poly(methyl-methacrylate) (PMMA) to form a mechanical stabilizing layer, after which the foil was dissolved away in an ammonium persulfate-deionized (DI) water solution (0.05 g/ml). The graphene/PMMA film was transferred first to hydrogen chloride (HCl) diluted in DI water and then to a DI water bath for the removal of ammonium persulfate residue, followed by a final rinse in a fresh DI water bath before being transferred to a TEM grid. The graphene/PMMA film was then scooped from the bath with a TEM grid and heated on a hot plate at 150 °C for ~20 min to make better adhesion to the grid substrate. Then, most of the PMMA was dissolved in an acetone bath, followed by an isopropyl alcohol rinse. Finally, the grid was annealed in an Ar-O2 (450 sccm/45 sccm) environment at 500 o C for 1.5 hours to mitigate hydrocarbon deposition in the microscope. 42, 43 Imaging of the sample was performed in a Nion UltraSTEM U100 at an accelerating voltage of 100 kV and 60 kV, as indicated in the text. At 100 kV the beam current was 30-40 pA and at 60 kV the beam current was 60-70 pA. The medium angle annular dark field (MAADF) detector was used for imaging at 100 kV to enhance image contrast and the high angle annular dark field (HAADF) detector was used for imaging at 60 kV in order to preserve Z-contrast. 44 
COMPUTATIONAL METHODS
Geometry optimization of defected graphene was carried out within density functional theory (DFT), with the Perdew-Burke-Ernzerhof (PBE) 45 exchange-correlation functional and the projected augmented wave (PAW) method, 46, 47 as implemented in the Vienna ab-initio simulation package (VASP). 48 We used a plane-wave kinetic energy cutoff of 520 eV and Γ centered 4x8x1 k point grid. The convergence criterion was set to 10 -5 (10 -6 ) eV for geometry (electronic) and 0.02 eV/Å for forces. The DFT-D3 with Becke-Jonson damping scheme 49, 50 was used to account for the dispersion interactions. We first optimized the lattice of perfect graphene, resulting in a lattice constant of 2.468 Å, and a C-C bond length of 1.425 Å. Defected graphene was then modeled using an 8x4 unit cell, containing a total of 64 C atoms. For each Si doped structure modeled in the present work, not only planar geometries were considered, but Si atoms were placed below and above the plane in all the possible configurations. A more accurate Γ centered 12x24x1 k point grid was used for the projected density of states (PDOS).
INTRODUCING ATOMIC SCALE DEFECTS
The first step of e-beam fabrication of atomic structures in graphene is the controllable introduction of substitutional defects within the pristine graphene lattice. Previously, we demonstrated how single atoms or small clusters of atoms may be introduced into a graphene lattice. 40 This approach has the advantage of highly precise positioning of the defect in the lattice. However, it is fairly slow, taking a couple of minutes per defect, and risks damaging the graphene lattice with the 100 keV beam to the point that it is unable to heal. Thus, it becomes somewhat tedious to control beam position, blanking, scanning, and imaging in such a way as to produce single defects with the care required to protect the rest of the graphene from beam damage.
In an attempt to develop a more user-friendly way of introducing point defects into the lattice we developed two alternative techniques which sacrifice the precise positioning of the previous technique but gain in ease of execution. 
EXTENDED MOVEMENT OF SI DOPANT ATOMS
Once the substitutional Si defects have been introduced, we can begin to explore the capabilities of a STEM for atomic level control. Movement of single Si atoms through a graphene lattice has been explored previously. 18, 29, 39 A critical enabling aspect of atomic scale manipulation in STEM will be to establish sample treatment procedures that enable extended movement of the introduced dopant atoms. To this end, here we show an example of directionally controlled atomic motion over a path length of 4.5 nm achieved on a sample using the treatment procedure described. The accelerating voltage used here was 60 kV with a convergence angle of 30 mrad and beam current of ~ 60 pA. Figure 2 shows a summary of the directed motion. The images were acquired with the minimum dose necessary to distinguish the lattice. They were artificially colored with the fire look up table in ImageJ and blurred with a Gaussian to aid in visibility. In a similar experiment we moved a Si atom in a circle to prevent it from moving out of the field of view and were able to achieve a total path distance of 6.5 nm.
Videos of both are provided in the supplementary information. Thus, we conclude that the sample treatment procedure has allowed imaging and manipulation over extended distances without unwanted contamination or chemically reactive elements altering the defects. 
FORMATION OF SILICON DIMERS
The ability to move single dopant atoms suggests that the construction of structures atom-byatom is achievable via in situ STEM and, here, we explore a few simple structures fabricated in this way. The results show in Figure 1 were acquired using a 100 keV electron beam to assist in the production of defects in the graphene lattice. For the rest of the experimental results, the accelerating voltage was lowered to 60 kV to prevent continued damage and allow closer inspection of the formed defects. In order to understand more clearly the formation and stability of the structures formed in Figure 3 , we performed DFT calculations of similar structures (shown in Figure 4 ), exploring the relaxed configurations and energies of two Si substitutional defects as they approach each other in the graphene lattice. We modeled eight configurations, starting from a Si-Si distance of 6.56 Å (Figure 4 images. Thus, we conclude that we are observing the configuration shown in (h). Considering that we are manipulating the sample with a 60 keV electron beam, it is possible that one of the two Si atoms gained enough energy to escape from the lattice. Furthermore, due to the great affinity of silicon with oxygen, it is also possible that foreign adatoms may have chemically facilitated this process. We additionally calculated the formation energy of a similar structure to (h), but with a second Si placed at ~12 Å from the lattice, representing e-beam induced ejection from the lattice into the vacuum. This energy is 10.58 eV and can be viewed as an upper limit required for this transition given that it is likely that the ejected atom remains a loosely bound adatom which quickly diffused away from the imaged area 52 or was involved in an additional chemical reaction with, for example, oxygen or hydrogen.
Given that Si atoms in the graphene lattice have two frequently observed coordinations, we further assembled two four-fold coordinated Si substitutional defects into a dimer with a different final structure. Figure 5 shows a process where two four-fold coordinated Si atoms were brought together via electron beam manipulation by performing a sub-scan over the carbon atoms between the two Si atoms, (a)-(c). We remind the reader that the four-fold coordinated Si atoms replace two C atoms and create two adjacent pentagonal rings. As they are brought together in (c), a pentagonal ring from each of the Si defects merge to form a 5-8-5 structure. Si atom is ejected from the lattice in (i) and (n), resulting in a single four-fold coordinated Si.
From (c) to (d), the electron beam irradiation induced rotation of the defect. This is similar to the observations of Yang et al. 37 The images shown in (e)-(i) are frames from a ten-frame video (included in the supplemental information) with (j)-(n) showing the corresponding atomic models. The starting configuration, (e), is the same as that shown in (d). In (f) there occurred a slight blur around the Si atoms as two C atoms flew into the illuminated region and restored the lattice to hexagonal symmetry. The two new atoms are indicated by dotted circles in the atomic model, (k). In (g), the new C atoms stopped moving, the blur disappeared, and the lattice was converted to the same structure as that shown in Figure 3 (g), namely two three-fold coordinated Si atoms sitting opposite each other in a hexagonal ring. In (h) and (m), the right-hand Si atom moved down one lattice site and in (i) and (n) the left-hand Si atom was ejected from the lattice. The ejection of the one Si atom requires that the remaining Si atom assume a four-fold coordination to occupy two lattice sites.
FORMATION OF SI TRIMER AND TETRAMER
As a final example of e-beam assembly of nanostructures embedded in graphene we illustrate formation of a Si trimer and tetramer from a dimer of the same configuration as that formed in Figure 5 (a)-(c). The dimer shown in Figure 6 (a) was introduced into the graphene lattice via the process described at the beginning, whereby we created a host of defects in the graphene lattice. This is the same defect structure observed upon assembling two four-fold coordinated Si substitutional defects. In Figure 6 (b) a bond rotation was induced by the scanning electron probe involving the carbon atoms adjacent (below) the Si dimer, arrowed in the figure. This rotation likely occurs on the order of ~100 fs (see Yang et. al. 37 supplemental information and Susi et. al. 18 supplemental video). This is 11 orders of magnitude faster than our pixel dwell time and therefore not imageable in transition. Because the imaging process is extended through time, what we are observing is the juxtaposition of the initial configuration in the top half of the defect, before the rotation, and the final configuration on the bottom half, after the rotation. In (c) the bond rotation has completed. In (d) we observe a mobilized Si adatom has attached itself to the defect. We address how this may be accomplished later. This adatom was momentarily knocked away by the beam as shown in (e). Upon reattaching to the implanted defect, we observe a beaminduced exchange of the two carbon atoms involved in the rotation with the Si adatom, the final configuration of which is shown in (f). Yang et. al. 37 also observed this bond rotation and acquisition of a third Si atom and provide a more in-depth discussion, which we will not repeat here. We merely repeat that this trimer can be rotated easily with the electron beam positioned on top of a carbon atom adjacent to the trimer, as shown in (g). To attach a fourth Si atom to the structure, (h), the beam was scanned over a large area (~50-100 nm) to agitate and mobilize surrounding source material and adatoms. Within a few tens of seconds, the fourth Si atom was added to the structure. We suggest this method will also reproducibly attach a third Si atom to Carbon atoms are depicted in brown and Si atoms in blue.
Using DFT we modeled various Si doped graphene monolayers found in Figure 6 . The optimized structures are shown in Figure 7 , along with the calculated formation energies. Note that from Figure 7 (b) to (c) the two C atoms involved in the bond rotation were lost. For the Si trimer, Figure 7 (c), we found that one Si sits in-plane, a second one below and a third above the plane, in agreement with the findings of Yang et al.. 37 In the tetramer, Figure 7 (d), the central Si is above the rest of the three Si atoms at a 2.38 Å distance. This is the only stable geometry we found for the tetramer observed experimentally. Interestingly, the energy required to create the Si trimer is the same as for the Si dimer in (a) and it is similar to the energy required to create the tetramer. Finally, the partial density of states (PDOS) plots built for a variety of Si doped graphene monolayers (see supplementary information) show that the pz orbitals are closer to the valence band edge.
CONCLUSION
We have shown how Si substitutional defects and Si defect clusters may be introduced into a graphene lattice via in situ STEM techniques. A prerequisite for this process is that the samples remain free of e-beam induced hydrocarbon deposition. This is achieved through an ArO2
annealing process which we borrowed from Garcia et al 43 and investigated previously. 42 We demonstrate that directing a 100 keV focused electron beam across the source material and the graphene lattice can reliably generate multiple substitutional Si defects. Subsequent manipulation of the introduced defects may be accomplished by decreasing the microscope accelerating voltage to 60 kV and using controlled scan areas or direct stationary beam irradiation to induce movement. We showed controllable e-beam induced formation of two Si dimers from two threefold coordinated Si substitutional atoms and two four-fold coordinated Si substitutional atoms.
We also documented a formation pathway for Si trimers and tetramers, reversible conversion of a Si trimer to tetramer, and the controllable rotation of both structures. DFT modelling was performed to more clearly understand the structures formed, the energies required to form them, and explore other possible stable structures. These represent the first steps toward general atomic scale manufacturing.
Finally, we also captured an image time-series of an atomic scale chemical reaction occurring with atomic resolution. As technologies such as detector efficiency, compressed sensing, and artificial intelligence improve, such observations will become more commonplace and will provide a wealth of information to enhance our understanding of atomic scale physics and our mastery of materials. In the words of Feynman "I am not afraid to consider the final question as to whether, ultimately---in the great future---we can arrange the atoms the way we want; the very atoms, all the way down! What would happen if we could arrange the atoms one by one the way we want them." 1 This great future is unfolding before us.
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